Problems associated with estimation of human exposure to ambient air pollutants are discussed. Ideally, we would prefer to have some indication of actual dose. For most pollutants this is not presently feasible. Specific problems discussed are adequacy of outdoor monitors; the need to correct for exposures and time spent indoors; the need to have particle size distributions described and the chemistry of the particles presented. These indicate the need to develop lightweight accurate and reliable personal monitors.
or carbon dioxide as has been done by the column of ratios. If the fundamental element, such as S, C, or N, is the active material, equivalent exposures can be calculated. Thus it may be more informative to relate to equivalents of sulfur etc., rather than actual concentrations present in the air if one believed that sulfur was the active component.
Much of the concern in the past has been with the amount of sulfate (SO42-) present in the ambient air. Current thinking is more inclined to be concerned with the cationic portion rather than the anionic sulfate. The measurements of "sulfate" do not give a complete picture and the reactivity of these compounds which can be very high as with the hydrogen ions from sulfuric acid to relatively innocuous as in sodium sulfate. Animal toxicity studies (2) have indicated this gradation of toxicity. This has been confirmed in studies on human subjects (3, 4) . Thus to obtain appropriate data on exposure to these compounds the cationic portion needs to be measured. This requires more sophisticated measurement as a component of future health studies.
As a part of the Six Cities Air Pollution-Health Study, we have developed an operational system ( Fig. 1) to monitor the concentrations of sulfuric acid and ammonium sulfate/bisulfate in the ambient air continuously (5) . This method has depended upon the differential volatilization points of these compounds. We now have more than 2 dependent factors. It is useful to consider this scheme when discussing the uncertainties of assessing the health effects of acid precursor pollutants. The acid precursors of sulfur gases and particles are primarily emitted from stationary outdoor sources or are transformed in the atmosphere. However, they are reactive and are measured in lower concentrations indoors. We have found indoor SO2 concentration to be, on average, only 30% to 50% of the outdoor concentrations. Particle sulfate indoors varies between 50% and 70% of the outdoor concentrations (6,7). Of course, there can be considerable seasonal and home-to-home variation in these concentrations. On average, an individual's overall exposure to SO2 will be less than outdoor ambient because 80-90% of the time we are indoors (8, 9) . Peak exposures, however, are likely to be determined by the time spent outdoors.
For nitrogen dioxides the situation is quite different. Approximately 43 million residences in the United States cook with gas. There are an estimated 13 million kerosene burners in use. Many homes use unvented gas heaters, particularly in less severe climates. As a result, population exposures to NO2 are strongly influenced by indoor sources (10, 11) . As a result, the determination of actual human exposures to several of the acid precursors is quite complicated. Therefore, it is not surprising that substantial variations in exposures among individuals and subgroup populations exist.
Estimating exposures based on ambient concentrations and categorical variables (gas vs. electric cooking fuel) does not satisfactorily resolve the problem of misclassification. We had originally hoped that merely classifying homes as using gas or electricity for cooking would allow us to characterize the homes. Table 5 shows that that approach did not predict well, and R2 values were low. It was not until we actually measured the concentrations in the home and used them to predict exposures that our predicted values became more consistent with actual exposures as measured by personal sampling.
The reason for the discrepancy is shown in Figure 3 , where we have plotted the predicted personal NO2 concentrations in two communities with ambient concentrations of 20 ,ug/m3 and 70 ,ug/m3. It was assumed that 50% of the homes had gas stoves. The model assumed three microenvironments (home, outdoors, work) with no sources in electric cooking homes or at work. Timeactivity patterns are derived from several of our studies on personal exposures. Figure 3 demonstrates that considerable overlap in exposures can occur because of indoor gas-cooking, variations in ventilation rates and human activity patterns. Thus if we used merely gas cooking or electric cooking as our dichotomous variable, we would produce much misclassification of our subjects with respect to exposures.
Because of variations in source use, ventilation rates and time-activity patterns, a tenfold spread in annual averaged indoor NO2 concentrations can occur in homes within the same community (10) . When considering the additional variation in actual personal exposure due to differences in activity patterns and ambient concentrations, there is the potential for substantial misclassification among subjects. Ozkaynak et al. (13) It is further demonstrated that fixed site ambient monitoring may not represent well the actual exposure of human beings for pollutants with indoor sources. It can be questioned how well a single ambient site in a community characterizes the concentrations across the study population. Both NO2 and SO2 have spatial gradients on the scale of 100 m to 1000 m. This is more true for SO2, which is emitted essentially from stationary sources. It is not uncommon to find 2-to 10-fold differences in both short-term and long-term averaged concentrations within an urbanized area. SO2 and to some degree NO2 typically have seasonal patterns with higher concentrations in the heating season.
In contrast, sulfate and nitrate particles have spatial patterns that are more uniform over distances of 10 km to 100 km. Their concentrations are higher in the warmer months. These physical characteristics have implications to population exposures. The relationship between measured concentrations and actual human exposure will be more site-dependent for SO2 and NO2 and less so for the secondary aerosols. Sulfate, for instance, is more uniform on an urban or regional basis, thus fewer sites can adequately characterize ambient concentrations. Cross-sectional studies of populations from communities within a geographical region may be different in ambient NO2, SO2, and TSP concentrations, but actually may have quite similar sulfate (and ozone) concentrations. Finally, the temporal features associated with these pollutants will modify the potential for population exposure. Both time-activity patterns of people and the residential air exchange rates are a function of season. They vary in such a manner to maximize human exposures to secondary aerosols (sulfates), and to minimize exposures to sulfur dioxide gas. Another factor influencing exposure and dose of particulate matter is the particle size distribution, since this will determine site of deposition. This is discussed in more detail by Martonen (15) . In summary, larger mode particles (> 10 ,um) tend to be deposited in the nasopharynx and smaller ones (fine mode <2.5 ,um) are deposited more deeply in the respiratory tract. In general, smaller particles tend to be deposited more deeply in the lung. Particles in the coarse mode 10-2.5 ,um tend to deposit in the bronchial tree. Some particles or droplets such as sulfuric acid can undergo increase in diameter due to the warm humid conditions of the respiratory tract. Thus their deposition will be higher in the respiratory tract than would have been predicted from the ambient air size-distribution. These various factors are also influenced by tidal volume, minute ventilation, and whether or not the individual is mouth breathing. Sulfate aerosols are primarily in the submicron size range. Their size fractionation between fine and coarse particles is 10 to 1. In contrast, nitrate particles are more equally proportioned between fine and coarse modes.
We must not overlook, however, the larger particles (>10 ,um) that are likely to be deposited along the nasopharynx. They may have a health effect such as the exposures to wood dust that have resulted in nasal cancers (16) or even produced bronchoconstriction and/or rhinitis (17) .
Hence, dose to target organs will depend both on the physical/chemical properties of the gases and aerosols and on personal factors unique to the individual. Anatomical features, mouth versus nose breathing, ventilation rates, activity patterns and integrity of defense systems are host-dependent factors that will result in intersubject variability. It is difficult to quantify the effects of these variations without biological markers for dose. However, the direction of the effect should be similar to misclassification bias for exposures. That is, health effects may exist for ambient and indoor exposures to air pollutants that can not be quantified as statistically significant. Given these uncertainties, lack of demonstrated effects from air pollution epidemiology should not be interpreted as proofofthe null hypothesis, unless the power of the study readily allows such a conclusion.
In the past, population exposures have been determined by single monitoring stations that are used to reflect exposure over a radius of 1 to 5 km. For some sites this may be true, but it should be verified by actual measurements. Frequently the sites chosen have been selected primarily for regulatory purposes or because they represent "hot spots." For epidemiologic purposes, it would be more appropriate to have monitoring sites where the populations are. These may be in addition to the regulatory sites. If "hot spots" are used to reflect exposures there will be misclassification of exposure and if no health effects are seen this could be attributed to a higher concentration than it should be. These points indicate a need for more personal monitoring to attain better estimates of exposure. It should be pointed out that personal sampling has its problems. Some of these have been commented on by Fugas (18) . They can be summarized as follows.
Personal monitors are not available for many of the pollutants. Presently they are available for CO, SO2, NO2, formaldehyde and a few other gaseous pollutants.
Analysis of the samples can be time-consuming and expensive.
The sample of the population may not be representative of the general population, as many industries will not allow such devices on their premises. The samplers may prove to be cumbersome or annoying so other persons will not wear them.
The wearing of a sampler may modify the behavior of the person so that the results are not truly representative of that person. This might be controlled for by having the individuals keep activity diaries both when wearing the samplers and when not wearing them.
Thus, to estimate the exposure and dose to a pollutant, we need to assure ourselves of the following: (1) that the outdoor monitors are indeed representative of the outdoor exposure; (2) that the outdoor concentrations have been corrected to reflect exposure indoors (probably best done by actual measurements indoors and an activity diary, or by personal sampling); (3) that particle size distributions are described as well as the chemistry of the particles.
From this comes the need to develop lightweight, accurate and reliable personal monitors to assess more precisely the individual and then hopefully the population exposure.
